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ABSTRACT 

This  report  presents  a  detailed  characterization  of  infrared  sensitive  silicon  germanium  oxide  (SixGeyOl-x-y)  thin  films.  The  results 
demonstrated  that  a  high  TCR  and  a  low  corresponding  resistivity  can  be  achieved  using  various  compositions,  for  example,  Si0.054Ge0. 
87700.069  film  has  achieved  a  TCR  and  a  resistivity  of-3.516/K,  and  629  ohm-cm,  respectively.  The  lowest  measured  resistivity  and  the 
corresponding  TCR  were  90.73  ohm-cm  and  -1.653  %/K  respectively,  using  Si0.206Ge0. 65000. 144  for  film  deposited  at  room  temperature, 
whereas  the  highest  achieved  TCR  and  the  corresponding  resistivity  at  room  temperature  were  -5.017  %/K,  and  39.  lxl 03  ohm-cm, 
respectively,  using  Si0.167Ge0. 76200. 071  for  films  deposited  at  room  temperature.  The  X-ray  diffraction  study  demonstrated  that  the  films 
are  amorphous.  The  peak  broadening  and  peak  shift  was  used  to  explain  the  dependence  of  TCR  and  resistivity  on  varying  silicon  at  fixed 
oxygen  concentration,  and  varying  oxygen  at  fixed  Si  concentration.  Raman  spectroscopy  results  are  used  relate  the  TCR  and  resistivity  of 
Si-Ge-0  films  with  the  Ge-Si,  and  Ge-Ge  chemical  bonding.  The  spectra  showed  dependence  on  varying  silicon  at  fixed  oxygen  or  at  fixed 
Si.  Uncooled  microbolometers  were  fabricated  with  various  Si-Ge-O  compositions.  Voltage  noise  PSD  was  measured  and  optimized,  using 
annealing  in  vacuum  at  200  oC,  250  oC,  and  300  oC. 
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Uncooled  Infrared  Microbolometers  and  Silicon  Germanium  Oxide  (SixGei-xOy)  Infrared 
Sensitive  Material  for  Long  Wavelength  Detection 

The  fourth  year  of  the  project  was  mainly  focused  on  the  following: 

A.  Deposition  of  silicon-germanium-oxide  (SixGeyOi_x_y)  and  determining  the  element’s 
composition, 

B.  TCR  and  Resistivity  measurement 

C.  X-ray  diffractions  (XRD),  Raman  spectroscopy  and  FTIR  of  the  thin  films 

D.  Infrared  detector  design,  fabrication  with  and  without  the  air  gap 

E.  Noise  measurement  of  the  fabricated  infrared  detectors  and  improvement  of  noise  PSD  by 
annealing. 

F.  PhD  and  MS  Thesis. 
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1.  Qi  Cheng,  R.  Anvari,  Q.  Cheng,  M.  Hai,  T.  Bui,  A.  J.  Syllaios,  S.  Ajmera,  M.  Almasri*,  “Silicon 
Germanium  Oxide  (SixGei_xOy)  for  Uncooled  Infrared  Microbolometer,”  MRS,  vol.  1245,  pp  1245- 
A18-04,  2010. 

2.  M.  L.  Hai,  M.  Hesan,  J.  Lin,  Q.  Cheng,  M.  Jalal,  A.  J.  Syllaios,  S.  Ajmera  and  M.  Almasri,  Uncooled 
silicon  germanium  oxide  (SixGeyOj.x.y)  thin  films  for  infrared  detection",  Proc.  SPIE  8353,  835317, 
2012. 

3.  M.  L.  Hai,  M.  Hesan,  J.  Lin,  A.  J.  Syllaios,  S.  Ajmera  and  M.  Almasri,  “Amorphous  (SixGeyOi_x_y) 
Thin  Film  for  Uncooled  Infrared  Microbolometers,”  In  final  writing  stage.  To  be  submitted  to  IEEE 
Electron  Devices. 

4.  M.  Jalal,  M.  L.  Hai,  A.  J.  Syllaios,  S.  Ajmera  and  M.  Almasri,  “Noise  Optimization  of  Amorphous 
SixGeyOi_x_y  Thin  Films  by  SfiN4  Passivation  and  Annealing  in  Vacuum,”  In  final  writing  stage.  To  be 
submitted  to  Thin  Solid  Films. 

INTRODUCTION  AND  BACKGROUND 

Infrared  (IR)  imaging  cameras  have  a  broad  spectrum  of  commercial  and  military  applications  including 
surveillance,  threat  detection,  target  recognition,  medical  diagnostics,  firefighting,  surveillance  and 
security  [1,2].  These  cameras  are  developed  by  companies  such  as  L-3  Communication13'81,  Raytheon19'111, 
DRS[12'15],  BAE  Systems116'191,  Lockheed  Martin[20],  Honeywell[21],  CEA-LETI  and  ULIS[22'28],  INO129' 30], 
Infrared  Vision  Technology  Corporation131' 321  and  SCD  Semi-Conductor  Devices  Ltd1''3  They  are  mainly 
based  on  Vanadium  Oxide  (VOx)[2,  18’ 341  or  amorphous  silicon  (a:  Si)  technology1'3' 7’  8’  n' 26' 27].  Several 
other  IR  sensitive  materials  have  been  used  in  uncooled  Yttrium-Barium-Copper-Oxide  (YBaCuO)135'371, 
Silicon  Germanium  (SiGe)[23’38],  Silicon  Germanium  Oxide  (Si-Ge-O)  [39'46],  metals147' 481  and  poly:  SiGe149' 
511  (See  Table  1). 

Vanadium  Oxide  (VOx)  and  amorphous  silicon  (a: Si)  technology  are  the  mainstream  materials  and  have 
comparable  performance.  These  materials  have  been  used  for  full  production  of  cutting  edge  cameras  for 
many  years15' 10' 12, 16].  VOx  has  an  acceptable  TCR  between  2  %/K  to  2.4  %/K110' 521  and  a  relatively  low 
Hf  noise  of  2.339x  1 0  8  V/Hz1/2  at  5  Hz  with  a  bias  of  19.3  pA1531.  The  fabricated  VOx  microbolometers 
with  a  size  of  25x25  pm2  by  the  Raytheon  group  have  achieved  responsivity,  thermal  time  constant  and 
noise  equivalent  temperature  difference  (NETD)  of  2.5xl07  V/W,  3-15  ms,  and  less  than  50  mK, 
respectively  19'  10'54l  While  VOx  technology  is  ground  breaking,  it  is  encumbered  by  many  factors  limiting 
its  ability  to  leverage  its  greater  sensitivity.  These  factors  include  a  complicated  design  and  spatial 
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noise15'  and  VOx  is  difficult  to  fabricate  within  the  requirements  of  readout  circuitry.  The  result  is  less 
expensive,  rather  than  inexpensive  IR  technology.  a:Si  has  achieved  wide  range  of  TCR  with  high  values 
between  2.5  %/K  and  5  %/K  with  a  corresponding  resistivity  range  from  200  Q-cm  to  lxlO5  Q-cm[8]. 
When  the  TCR  was  increased  to  3.9  %/K,  the  1 //-noise  was  not  increased.  This  TCR  value  was  used  to 
build  fully  operable  17x17  pm2  LWIR  focal  plane  array17,  8l  In  addition,  the  fabricated  a:Si 
microbolometers  with  a  size  of  17x17  pm2  by  L-3  Communications’  group  have  achieved  NETD  less 
than  50  mK  for  spectral  window  between  8-12  pm,  thermal  time  constant  ~10  ms  using  a: Si  material  with 
TCR  ~3.2  %/K[7].  It  is  noted  that  a: Si  microbolometers  took  advantages  of  the  extensive  knowledge 
available  in  Si  manufacturing  processes,  and  the  extensive  research  in  Si-based  solar  cells  and  flat  panel 
displays.  Thus,  the  overall  production  cost  of  a: Si  based  cameras  is  low,  and  the  yield  is  high  which  has 
enabled  high  volume  commercial  market151.  Many  other  infrared  materials  have  been  used  in  uncooled 
microbolometers.  Amorphous  silicon  (a:Si)  has  a  TCR  between  -2  %/K  and  -3.9  %/K  with  a  marginal  1  If 
noise[11,26, 27].  YBaCuO  films  achieve  TCR  between  3-3.5%/K  and  1  If  noise  of  4xl0'14  V2/Hz  at  7  Hz  with 
0.41  pA,  but  this  material  is  not  conventionally  used  in  semiconductor  processing135, 37].  The  resistivity  of 
SiGe  can  be  kept  low  by  controlling  the  doping  level,  but  this  sets  an  upper  limit  to  TCR  (-2.5  -3%/K). 
Processing  of  poly.  SiGe  materials  to  achieve  the  desired  crystallinity  requires  temperatures  as  high  as  650 
°C[38].  Metals  have  very  low  l//' noise,  and  low  resistivity.  However,  the  low  TCR  value  resulted  in  low 
performance  in  terms  of  responsivity  and  detectivity  [48].  poly. Si  has  a  TCR  of  2%/K[49].  Germanium  (Ge) 
has  a  lower  \/f  noise  than  Silicon  devices  but  its  TCR  is  only  1%/K.  We  have  selected  to  investigate 
amoiphous  SixGeyOi_x_y  for  the  IR  sensing  layer  as  a  new  addition  to  the  mainstream  materials  because  of 
its  excellent  IR  radiation  absoiption,  and  mechanical  and  electrical  properties  at  room  temperature.  It  can 
achieve  high  TCR  with  a  low  resistivity  and  acceptable  1//  noise.  Thus,  the  device  performance 
(responsivity  and  detectivity)  can  be  improved  without  increasing  the  l//-noise.  A  summary  of  TCR  of 
various  IR  materials  are  shown  in  Table  1. 

Table  1.  Temperature  coefficient  of  resistance  (TCR)  of  common  uncooled  infrared  materials 


Infrared 

Materials 

TCR 

(%/K) 

References 

VOx 

2-2.4 

[10,  52] 

a:Si 

2-3.9 

[3,  4,  8,  56-60] 

YBaCuO 

2.88-3.5 

[35,  37] 

Si-Ge 

2-3 

[49,61] 

Si-Ge-0 

See  Table  2 

[40-46,  62] 

Metal 

0.2 

[48,  63,  64] 

Poly:  Si 

2 

[65] 

Ge 

1 

[56] 

Several  research  groups  have  studied  Si-Ge-0  compound  as  an  IR  sensitive  material  (See  Table  2). 
Ahmed  et  al 144 1  determined  that  for  a  fixed  02  concentration,  the  TCR,  and  resistivity  increases  as  Si 
concentration  increases  up  to  5-10  atomic  %  and  then  starts  to  decrease.  They  also  found  out  that  they  are 
proportional  to  the  02  concentration  in  SixGei_xOy  films.  The  use  of  high  02  concentration  (14%  and 
above)  might  have  resulted  in  high  resistivity  and  TCR.  It  is  noted  that  they  have  used  very  few  data  point 
to  describe  the  behavior  of  the  film.  A  high  TCR  value  of  -4.88%/K  was  reported  but  with  a  high 
resistivity  of  38  kQ-cm  for  SixGei_xOy  with  2.5  atomic  %  of  Si  and  18.8  atomic  %  of  02.  Clement  et  al. 
sputtered  GeossSiois  compound  target  in  argon/oxygen  environment^51.  They  have  measured  under 
optimum  conditions,  a  resistivity  and  a  corresponding  TCR  of  10  kQ-cm  and  5%/K,  respectively.  A 
similar  deposition  method  was  performed  by  Rana  et  al [46].  In  earlier  work,  they  fixed  a  piece  of  silicon 
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(cut  from  silicon  wafer)  to  a  Ge  target  and  deposited  using  one  power  source,  in  later  work  they  deposit 
Sio  isGci,  85  from  one  target  in  argon/oxygen  environment  [66].  Their  findings  agreed  with  Ahmed  et  al. 
However,  this  study  used  a  specific  film  concentration  Si0  i  sGc0  8sOy  while  the  02  was  varied  between  0  - 
9%. 


Table  2.  This  table  report  the  most  recent  results  of  TCR  and  resistivity  of  Si-Ge-O. 


TCR  (%/K) 

Resistivity  (Q- 
cm) 

References 

-  (2.27  -  8.69) 

4.22xl02- 

3.47xl09 

[43, 46] 

-5 

104 

[45] 

-5 

3.8xl04 

[42,  44] 

-6.43 

3.34xl02 

[39_41]  Our  group 

This  work  utilizes  amoiphous  SixGeyOi_x_y  as  the  1R  sensing  layer  for  the  fabrication  of  uncooled 
microbolometers  because  of  its  excellent  IR  radiation  absorption,  and  mechanical  and  electrical  properties 
at  room  temperature.  Si  and  Ge  based  compounds  are  standard  materials  in  silicon  integrated  circuits 
providing  a  wide  range  of  established  knowledge  for  application  to  the  fabrication  of  the  microbolometer 
array.  The  activation  energy,  electrical  resistivity  and  TCR  of  SixGeyOi.x_y  primarily  depend  upon  the 
oxygen  content  in  the  film,  which  is  controlled  during  sputter  deposition.  At  a  specific  silicon,  and 
oxygen  percentage,  a  high  TCR  and  low  resistivity  values  can  be  achieved.  A  compromise  between 
resistance  and  TCR  is  required,  as  the  microbolometer  focal  plane  array  (FPA)  is  connected  to  readout 
electronics  that  require  resistance  below  100  kQ.  This  resistivity  value  is  compatible  with  conventional 
readout  integrated  circuitry.  Finally,  it  is  compatible  with  CMOS  technology  due  to  the  low  deposition 
temperature  and  the  use  of  conventional  dry-etch  processing.  Therefore,  the  FPA  can  be  easily  integrated 
with  the  readout  electronics142' 45]. 

We  report  the  results  of  TCR  and  resistivity  as  a  function  of  temperature  of  the  deposited  SixGeyOi_x_y. 
The  influence  of  changing  silicon  and  oxygen  contents  on  TCR,  resistivity  is  discussed,  mainly  for  a  low 
level  of  02  concentration.  The  amoiphous  behaviors  of  the  films  were  studied  as  a  function  of  fixed 
oxygen  while  varying  Si  using  X-Ray  diffraction.  The  status  of  oxygen  bonding  to  both  silicon  and 
germanium  were  investigated  using  Fourier  Transform  Infrared  (FTIR)  and  Raman  spectroscopy.  The  Ge- 
O  bonds  are  controlled  to  achieve  the  desired  resistivity  and  TCR  values  by  varying  the  silicon  content. 
The  atomic  composition  of  Si,  Ge,  and  oxygen  in  the  deposited  thin  films  were  determined  and  analyzed 
using  energy  dispersive  X-ray  spectroscopy  (EDX).  We  will  also  report  the  fabrication  of  uncooled 
microbolometers  with  and  without  an  air  gap  with  different  SixGeyOi_x_y  compositions  for  the  purpose  of 
measuring  and  optimizing  the  noise  in  these  films.  In  addition,  we  are  reporting  the  reduction  of  the 
voltage  noise  power  spectral  density  (PSD)  of  uncooled  SixGeyOi.x.y  microbolometers  by  passivating  the 
devices  with  Si3N4  layers  and  annealing  them  at  200  °C,  250  °C,  or  300  °C  in  vacuum  at  different  time 
interval.  Four  set  of  devices  with  different  Si-Ge-0  element  compositions  were  studied  in  details.  The 
voltage  noise  power  spectral  densities  were  analyzed  and  Hooge’s  parameters  were  determined. 

UNCOOLED  MICROBOLOMETER 

A  thermal  detector  exhibits  a  change  in  electrical  property  that  accompanies  a  change  in  temperature  of 
the  sensitive  element  caused  by  absorption  of  IR  radiation.  A  microbolometer  is  a  thermal  sensor  that 
exhibits  a  change  in  resistance  with  respect  to  a  change  of  temperature  of  the  sensing  material 
accompanying  the  absorption  of  IR  radiation.  It  consists  of  a  thin  microbridge  suspended  above  a  silicon 
substrate.  The  bridge  is  supported  by  two  narrow  arms,  which  serve  as  support  structure,  conductive  legs 
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and  thermal  isolation  legs.  Encapsulated  in  the  center  of  the  bridge  is  a  thin  layer  of  IR  sensitive 
material^35'  57l  The  performance  of  the  microbolometer  can  be  significantly  enhanced  at  specific  spectral 
wavelength  windows  if  the  IR  sensing  material  achieves  a  high  TCR  with  a  relatively  low  resistivity  and 
low  voltage  noise.  The  TCR  shows  how  rapidly  the  resistance  of  a  material  responds  to  a  change  in 
temperature.  It  is  given  by: 


1  dR  1  A R 

TCR  = - = - 

RdT  RAT 


(1) 


R(T)  =  R0  exp 


(2) 


where  Ea  is  the  activation  energy,  k  is  the  Boltzmann  constant,  R(  T)  is  the  resistance  at  temperature  T,  R0 
is  the  initial  resistance.  A  four  point  probe  method  was  used  to  characterize  the  TCR  and  resistivity  of  the 
deposited  thin  films  and  devices.  The  relation  between  the  measured  resistance  and  the  calculated 
resistivity  of  SixGeyOi_x_y  films  can  be  expressed  by  the  following  two  equations: 

R  = 


P  = 


Tti 
In  2 


(4) 


where  R  is  the  resistance  of  the  film,  p  is  the  sheet  resistivity,  t  is  the  thickness  of  the  thin  film,  V  and  /  are 
the  measured  voltage  and  current  respectively. 


The  performance  of  the  microbolometers  can  be  improved  substantially  and  reach  the  temperature 
fluctuation  noise  performance  if  noise  is  eliminated  or  reduced.  The  reduction  of  noise  is  crucial  to  the 
next  generation  of  uncooled  thermal  cameras  since  it  will  allow  the  detector  to  reach  the  background 
limited  noise  performance  and  further  improve  the  noise  equivalent  temperature  difference  (NETD).  This 
will  include  the  noise  generated  by  the  IR  sensing  element  (Johnson  noise,  random  telegraph  switching 
(RTS)  and  1// flicker  noise),  temperature  fluctuation  noise,  and  background  voltage  noise.  Johnson  noise, 
AVj,  is  due  to  the  thermal  agitation  of  charge  carriers.  It  is  inherent  in  the  detecting  element  and  cannot  be 
avoided.  RTS  is  caused  by  unknown  imperfections  in  material  structure  and  contacts,  and  is  therefore 
most  often  observed  in  very  small  devices,  or  very  high  resistivity  materials  such  as  the  one  studied  in  this 
work.  1 //'-noise  is  observed  at  low  frequencies,  usually  due  to  the  fluctuations  in  both  carrier 
concentration  and  carrier  mobilities,  arising  from  carrier  trapping  and  detrapping  mechanisms  and  surface 
state  scattering.  It  also  depends  on  the  deposition  techniques,  material,  dimensions  and  electrical  contacts 
[57. 67,  as]  Another  aspect  of  l//'-noise  is  its  volume  dependency.  Thus,  increasing  the  thickness  of  the  IR 
sensitive  film  will  reduce  the  noise  level  significantly.  However,  this  will  result  in  large  thermal  mass  and 
hence  low  responsivity  and  detectivity  and  large  thermal  time  constant16/  The  electrical  noise  increases  at 
lower  frequencies  is  due  to  the  increasing  contribution  of  l//-noise[49].  The  l/noise  can  be  expressed  by 
Hooge’s  formula: 
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v 


K  Vp 

^  f'  dc 


(5) 


(6) 


where  Sy  is  the  noise  voltage  PSD, /  is  the  electrical  frequency  with  /  close  to  1  for  1 //’noise1’/  Kr  is  the 
l//'-noise  coefficient  (flicker  noise  coefficient).  It  is  given  by  equation  6  where  cc H  is  Hooge's  constant 
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that  gives  the  magnitude  of  1/f  noise,  N  is  the  number  of  fluctuators  in  the  sample  and  is  volume 
dependent.  Therefore,  Kf  is  related  to  the  volume  normalized  inherent  noise.  It  depends  on  the  quality  of 

the  crystal,  and  on  the  scattering  mechanisms  that  determine  the  mobility,  //  [7Il  V jc  is  the  DC  bias 

voltage  equals  IBXR  where  the  value  of  ft  is  2.  The  values  of  y,  fi  and  Kf  were  determined  by  taking  the 
logarithm  of  equation  2: 


log  10  =  P  log  10  Fdc  -  /  log  10  /  +  log  10  Kj 

(4) 

This  is  basically  a  straight  line  equation  of  i0g  sv  versus  fog  10  VDC  where  P  is  the  slope,  and  the  last  two 

terms  of  equation  4  are  constant  for  a  specific  frequency.  Thus,  the  value  of  p  can  be  determined  from  the 
average  slope  of  fog10(,Sv)  versus  log10(/b)  plot  using  1,  5  and  10  Hz  at  different  level  of  applied  bias 

current  (80  nA,  300  nA  and  650  nA).  Similarly,  the  value  y  can  be  determined  from  the  average  slope  of 
log  l(l  (.S\. )  versus  log10(/)  plot  at  the  same  constant  currents  in  the  frequency  range  1-10  Hz.  The  average 

value  of  Kf  can  be  determined  by  substituting  the  calculated  value  of  y  and  P  for  each  bias  current  into 
equation  3  at  10  Hz. 

Deposition  of  SixGeyOi_x_y  and  determining  the  element’s  composition 

SixGeyOi_x-y  thin  films  were  grown  by  RF  magnetron  sputtering,  by  co-depositing  Si  and  Ge  thin  film 
simultaneously  from  two  deposition  targets  in  an  oxygen  and  argon  environment  on  a  p-type  silicon 
substrate,  an  oxidized  silicon  substrate  (with  0.6  pm  oxide  layer),  and  on  a  glass  slide.  The  depositions 
were  performed  at  room  temperature  at  4  mTorr.  The  targets  were  3”  undoped  99.999%  pure  silicon  and 
n-type  germanium.  Prior  to  deposition,  the  substrates  were  cleaned  with  pirhana  solution,  and  the 
sputtering  chamber  was  evacuated  to  a  base  pressure  between  0.5-3  pTorr.  The  elemental  concentrations 
of  Si  and  Ge  were  varied  by  adjusting  RF  power  applied  to  the  silicon  and  germanium  target  and  by 
varying  the  oxygen  flow  of  the  gas  mixture  in  the  deposition  chamber. 

The  thin  films  that  were  deposited  directly  on  silicon  substrates  were  used  to  determine  the  element’s 
concentrations  using  Energy-dispersive  X-ray  spectroscopy  (EDX).  They  were  measured  by  energy- 
dispersive  X-ray  analysis  in  a  FEI  Quanta  600  FEG  scanning  electron  microscope.  An  accelerating 
voltage  of  4  keV  and  120s  scanning  period  were  applied  to  create  scanning  element  spectrum.  Standard 
peaks  of  Ge,  Si  and  O  as  well  as  the  atomic  concentration  in  the  samples  were  determined  from  this 
experiment.  A  typical  EDX  spectrum  of  SixGeyOi.x.y  is  shown  in  Figure  1.  The  total  thickness  of  Si-Ge-0 
with  different  compositions  was  fixed  to  approximately  300  nm.  This  was  achieved  by  fixing  the 
deposition  power  and  adjusting  the  deposition  time  between  samples  with  different  compositions.  The 
thickness  of  the  thin  film  was  measured  using  KLA-Tencor  profiler  (P16+). 
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Figure  1:  Element  composition  of  Si0  o53Geo  875O0  072- 

TCR  and  Resistivity  experimental  setup 
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Figure  2:  Experimental  set  up  for  the  measurement  of  resistance  vs.  temperature  characteristics.  An 
image  of  a)  the  whole  setup,  b)  SixGeyOi_x_y  packaged  sample  mounted  on  the  base  stage  of  equally 
spaced  4-probe  sample  holder  inside  a  closed-cycle  ciyostat. 


The  TCRs  and  resistivities  of  SixGeyOi.x.y  thin  films  were  measnred  using  the  oxidized  silicon  substrates 
(S t/S i02/ S ixGeyO i .x.y) .  First,  the  wafer  was  diced  into  small  dies  with  an  area  of  approximately  1  x  0.5 
cnr  and  then  mounted  in  a  ceramic  flat  pack  package  by  a  heat  conductive  epoxy.  The  package  was 
heated  at  55  °C  for  15  min  to  cure  the  epoxy.  The  sample  was  then  mounted  firmly  on  the  base  stage  of  a 
special  4-probe  sample  holder  inside  a  closed-cycle  cryostat  (Janis  VPF-100  cryostat).  The  resistance 


7 


versus  temperature  (R-T)  characteristics,  electrical  resistivity  and  the  corresponding  temperanue 
coefficient  of  resistance  (TCR)  measurements  were  performed  using  4  point  probe  technique.  A 
programmable  current  source  (Keithley  Model  220)  is  used  to  apply  a  fixed  current  and  high  precision 
voltmeter  (Keithley  model  2182  nano-voltmeter)  is  used  to  measure  the  voltage  across  the  two  inner 
probes.  The  temperature  was  varied  from  0  °C  to  70  °C  with  1-2  °C  intervals,  and  controlled  by  a 
temperanue  controller  (Lakeshore  336  temperanue  conttoller).  At  each  temperanue  set-point  150  data 
points  were  collected  and  averaged  to  measure  the  R-T  behavior.  The  experimental  semp  for  R-T 
measurement  is  shown  in  Figure  2. 


TCR  and  resistivity  measurement  results 


The  activation  energy  (Ea)  was  used  to  study  the  effects  of  silicon  and  oxygen  on  the  electtical  properties 
of  SixGeyO,.x.y  thin  film.  The  Ea  was  calculated  from  the  slope  of  Arrhenius  plot  of  resistance  versus  1/kT 
as  shown  in  Figure  3(a.c).  The  solid  line  in  the  figure  is  the  measured  data  and  the  gray  shaded  line  is  the 
corresponding  linear  fitting  of  that  curve.  Both  the  measured  and  fitted  curve  resembles  each  other  veiy 
closely,  which  is  a  good  indication  of  the  measurement  accuracy.  The  resistance  versus  temperature  (R-T) 
characteristics,  electrical  resistivity  and  the  corresponding  TCR  were  plotted  hi  Figure  3.  The  TCR 
denoted  by  "Measured”,  was  plotted  from  the  measured  data  directly.  The  TCR  denoted  by  "Calculated”, 
was  determined  and  plotted  using  Equation  4  where  the  Ea  was  deduced  from  the  slope  of  Arrhenius  plot. 
This  figure  include  a  film  with  a  relatively  high  TCR  along  with  a  low  resistivity  value  at  room 
temperature  of  -3.516/K,  and  629  Q-cm.  respectively,  using  Si0  054Ge0877O0069-  and  the  highest  achieved 


1/kT  (eV'1) 


1/kT  (eV  ’) 


Figure  3:  Arrhenius  plot  of  resistance  versus  1/kT.  and  TCR  and  resistivity  versus  temperature  of  (a,  b) 
Sio  054Geo  877O0  069-  (c.  d)  Si0  i67Ge0  762O0  cm  films  deposited  at  room  temperature. 
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TCR  along  with  the  corresponding  resistivity  at  room  temperature  were  -5.017  %/K  and  3.91*  104  Q-cm. 
respectively  using  Sio167Geo76oOoo7i  for  films  deposited  at  room  temperature,  whereas,  the  lowest 
achieved  measured  resistivity  and  the  corresponding  TCR  were  119.6  Q-cm  and  -2.202  %/K. 
respectively,  using  of  Si0  i35Ge0g38O0027-  It  is  noted  that  the  R-T  behavior  is  exponential  and  following  die 
relation  in  equation  2. 

The  TCR  was  plotted  as  a  function  of  resistivity  for  over  340  films  with  different  Si,  Ge,  and  02 
compositions  in  Figure  4.  The  measured  TCR  and  resistivity  for  all  fihns  regardless  of  the  element’s 
concentrations  were  also  plotted  as  a  function  of  Si  concentration  in  Figure  5a.  and  as  a  function  of  02 
concentration  in  Figure  5b.  The  results  clearly  show  that  there  are  several  films  with  specific 
compositions  achieve  a  relatively  high  TCR  above  -3.75%/K  with  a  corresponding  resistivity  values 
below  1.0  kQ-cm.  which  is  acceptable  for  the  readout  electronics.  The  rest  of  the  films  have  high 
resistivity  values.  The  film  with  highest  TCR  has  a  very  high  resistivity  and  thus  is  not  useful  for  IR 
imaging. 

In  order  to  assess  how  the  element  concentrations  dictates  the  electrical  behavior,  the  trend  of  TCR  values 
were  plotted  against  the  Si  concentration  (see  Figure  5a  and  5c)  and  02  concentration  (see  Figure  5b  and 
5d)  using  polynomial  fitting.  The  error  bars  in  Figure  5c  and  5d  indicates  the  variation  due  to  changes  in 
composition  of  other  constiment  material,  for  a  fixed  concentration  of  material  of  concern.  More 
objectively  if  we  look  in  to  Figure  5c.  it  is  obseived  that  the  TCR  increases  as  02  concentration  increases 
from  veiy  low  (~ 1  %)  to  moderate  (-10%)  and  shows  more  stable  behavior  afterwards.  Whereas  for  Si 
concentration  at  lower  level  we  observe  a  similar  pattern  in  increasing  TCR  from  ~2%  to  -8%  and  stalls 
decreasing  as  Si  concentration  increase  up  to  -30%,  after  which  the  behavior  appeals  to  be  more  stable. 

Moreover  it  is  clearly  visible  that  the  error  bars  more  widely  spread  in  Figure  5d  than  that  of  Figure  5c. 
that  indicates  that  for  a  fixed  02  concentration  there  is  less  impact  of  changes  in  Si  concentration.  But  for 
a  fixed  Si  concentration  changes  in  02  concentration  changes  the  TCR  more.  In  essence  it  can  be 
concluded  that  atomic  concentration  of  oxygen  prevails  in  the  TCR  much  more  than  of  silicon7 
concentration. 
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Figure  4:  Resistivity  versus  TCR  for  a)  all  films,  b)  films  with  resistivity  below  1 .0  kQ-cm. 
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TCR  and  Resistivity  as  a  function  of  Silicon  concentration 


The  effect  of  02  on  TCR,  and  resistivity  of  SixGey0l  xy  films  were  measured  as  a  function  of  Si 
concentration,  for  a  low  level  of  02  concentration  between  1  to  10%  and  is  shown  in  Figure  6.  The  atomic 
composition  of  02  was  fixed  to  a  veiy  small  range  since  we  were  not  experimentally  able  to  fix  the  02 
content  in  the  film  into  an  exact  single  number.  This  is  due  to  changes  of  the  bonding  between  oxygen  to 
silicon  and  germanium  dming  the  sputter-deposition.  The  experimental  results  were  interpreted  and 
explained  as  follow:  (1)  The  02  atomic  composition  was  fixed  between  3.36%  and  3.89%  while  Si 
concentration  was  varied  (Figure  6a.  and  6b).  The  figure  shows  that  as  the  Si  composition  was  increased 
from  3%  to  20%  the  TCR  was  changed  slightly  between  -1.754  %/K  and  -2.018  %/K  while  the  resistivity 
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Figure  5:  TCR  trend  with  respect  to  element  concentration  in  SixGeyOi_x_y  using 

polynomial  fit 

value  was  around  119.6  Q-cm.  The  activation  energy  (EJ  was  found  to  be  stable  around  0.142  eV. 
However,  as  the  silicon  content  increased  above  20%  the  resistivity  value  increased  by  10  times  to  1.25 
kQ-cm  while  TCR  stayed  in  the  same  range.  (2)  As  the  02  concentration  was  increased  to  4%  -  4.97%, 
the  TCR  value  was  increased  to  a  value  around  -2.0%/K.  The  highest  measured  TCR  and  the 
corresponding  resistivity  were  -2.48  %/K  and  1.64  kQ-cm  at  a  Si  concentration  of  37.4%.  respectively. 
The  activation  energy  was  changed  between  0.1232  eV  and  0.1906  eV.  The  general  trend  is  that  the  TCR 
was  relatively  stable  around  -2.0  %/K.  The  resistivity  value  was  mostly  below  1  kQ-cm  when  the  Si 
concentration  was  below  16%.  It  was  increased  as  the  Si  concentration  was  increased  above  16  %  while 
TCR  stayed  in  the  same  range  (See  Figure  6c.  and  6d).  (3)  As  the  02  concentration  was  increased  to  5% 
-  5.48%,  and  as  the  Si  in  increased  up  to  6.5%.  the  TCR  was  increased  to  -3.174  %/K  while  the 
resistivity  stayed  relatively  constant  below  1  kQ-cm.  The  corresponding  resistivity  for  the  highest  TCR 
was  418  Q-cm.  As  the  Si  concentration  increased  further  up  to  11%.  the  TCR  was  decreased  and  stayed 
stable  afterwards  around  -2  %/K.  and  resistivity  was  relatively  increased  (Figure  6e.  and  6f).  At  this 
oxygen  concentration,  we  have  obseived  a  few  data  points  with  high  TCR  and  with  corresponding  low 
resistivity  values.  We  have  also  observed  a  couple  of  data  points  where  TCR  was  around  -2  %/K  but  the 
resistivity  was  very  high.  (4)  As  the  02  concentration  was  increased  to  6.04%  -  6.97%.  the  TCR  values  in 
general  was  increased  up  to  -4%/K  for  Si  concentration  between  3%  -  7%  (Figure  6g.  and  6h).  We  have 
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observed  several  data  points  with  high  TCR  and  corresponding  low  resistivity  values.  As  the  Si  is 
increased  further  to  12%,  the  TCR  and  resistivity  were  increased  up  to  -5  %/K,  and  8.75  kQ-cm, 
respectively.  Above  12%  the  TCR  was  dropped  to  value  around  -3  %/K,  while  the  resistivity  in  general 
was  increased  with  the  exception  of  couple  of  data  points.  (5)  As  the  Si  concentration  was  increased 
above  7%  for  a  fixed  O2  concentration  between  7.03%  -  7.95%,  the  TCR  was  increased  with  the  highest 
was  -5.017  %/K  and  39.07  kQ-cm  at  10%  Si  concentration.  As  the  Si  concentration  was  increased  above 
10%,  the  TCR  was  decreased  while  the  resistivity  kept  on  increasing  trend  (Figure  6i,  and  6j).  (6)  We  had 
a  similar  observation  when  the  O2  was  increased  to  8.09  -8.99%.  In  this  case,  the  TCR  was  stabilized  at  - 
4%/K  while  the  resistivity  kept  in  increasing  as  Si  concentration  increases  above  7%  (Figure  6k,  and  61). 
(7)  When  the  O2  was  increased  to  9.04  -  9.93%,  the  TCR  was  increased  and  stabilized  at  a  value  around  - 
4.2  %/K  with  the  exception  of  one  data  point  while  the  resistivity  was  kept  on  increasing  as  Si 
concentration  was  increased  above  6%.  However,  we  did  not  measure  their  behavior  at  higher  Si 
concentration  at  this  time.  We  observed  that  at  low  Si  concentration,  several  data  points  have  high  TCR 
and  low  resistivity  values  (Figure  6m,  and  6n).  (8)  A  similar  trend  was  observed  in  (Figure  60,  and  6p)  as 
the  Si  concentration  was  increased  above  5.5%.  As  a  conclusion,  the  results  indicates  that  for  low  fixed 
02  concentration  below  5%,  the  TCR  and  resistivity  changes  were  not  affected  significantly  by  the 
changes  of  Si  concentration  until  it  increases  above  16%.  On  the  other  hand,  as  the  fixed  O2  concentration 
was  increased  above  5%,  the  TCR  and  resistivity  started  to  be  affected  by  the  Si  concentration.  We 
observed  that  the  TCR  increases  as  Si  composition  increases  to  a  specific  value  (e.g.,  8%  in  case  of  6f) 
and  then  drop  a  little  bit  and  then  stabilize.  We  also  observed  that  this  specific  Si  concentration  value  was 
dropped  from  8%  to  5%  as  the  fixed  O2  was  increased. 


Si  concentration  (%) 


Figure  6:  Resistivity  and  TCR  as  a  function  of  Si  concentration  for  a  fixed  02  (a-b)  3.01-3.89%,  (c-d)  4.00-4.97%, 
(e-f)  5.01-5.86%,  (g-h)  6.04-6.88%,  (i-j)  7.12-7.95%,  (k-1)  8.09-8.87%,  (m-n)  9.04-9.93%,  (o-p)  10.01-10.94% 
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TCR  and  Resistivity  as  a  function  of  Oxygen  concentration 

The  effect  of  Si  on  TCR,  and  resistivity  of  SixGeyOi_x.y  films  were  measured  as  a  function  of  02 
concentration,  for  Si  concentration  between  3%  -  18%  and  is  shown  in  Figure  7.  Again,  the  atomic 
composition  of  Si  was  fixed  to  a  very  small  range  since  we  were  not  experimentally  able  to  fix  the  Si 
content  in  the  film  into  an  exact  single  number.  (1)  The  Si  concentration  was  fixed  between  3.00%  - 
3.95%,  and  as  the  02  concentration  was  increased  to  8%,  the  TCR  was  increased  to  -3.4  %/K.  As  the  02 
concentration  was  increased  above  10.5%,  the  TCR  was  dropped  to  -3.1  %/K  with  few  exceptions.  The 
resistivity  was  fluctuating  between  370  Q-cm  and  2.06  kQ-cm,  with  increasing  trend  at  higher  02 
concentration.  The  Ea  was  changed  from  0.16587  eV  to  0.2861  eV  (See  Figure  7a,  and  7b).  (2)  As  the  Si 
concentration  was  fixed  to  5.04%  -  5.92%,  the  TCR  was  gradually  increased  from  —1.9  %/K  to  -3.9 
%/Kas  the  02  concentration  increases.  Above  an  02  concentration  of  10.4%,  the  TCR  was  decreased 
stayed  relatively  constant  around  -3  %/K.  At  that  level  of  02  concentration  the  resistivity  was  increased 
too  to  a  higher  value  under  1  kQ-cm  to  over  3  kQ-cm.  We  had  a  few  data  point  where  the  TCR  was  above 


Figure  7:  TCR  and  Resistivity  as  a  function  of  02  concentration  for  fixed  Si  of  (a-b)  3%  to  3.95%,  (c-d)  4.00%  to 
4.89%,  (e-f)  5.04%  to  5.92%,  (g-h)  6.01%  to  6.99%,  (i-j)  7.00%  to  7.72%,  (k-1)  8.02%  to  8.97%,  (m-n)  9.12%  to  9.85%, 
(o-p)  10.03%  to  10.58%,  (q-r)  1 1%  to  1 1.8%,  (s-t)  12.09%  to  12.88%  and  (u-v)  14.01%  to  14.98%. 
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-3.5%/K  and  the  resistivity  were  below  1  kQ-cm.  The  Ea  was  changed  in  between  0.14197  eV  and  0.294 
eV  (See  Figure  7e,  and  If).  (3)  Similar  behavior  was  observed  as  the  Si  concentration  was  fixed  at  6.01% 
-  6.99%,  and  as  the  02  increased  to  9.22%,  the  TCR  was  increased  to  -4.42%/K.  The  TCR  value  was  then 
dropped  to  a  value  around  -3%/K  stayed  relatively  constant,  while  the  resistivity  was  increased  from  460 
Q-cm  to  8.8  kQ-cm.  The  corresponding  Ea  changed  its  value  in  between  0.15795  eV  and  0.3339  eV  (See 
Figure  7i,  and  7j). 

(4)  Similar  behavior  was  observed  as  the  Si  concentration  was  fixed  at  7%  -  7.72%,  and  as  the  02 
increased  to  7.27%,  the  TCR  was  increased  -4.33  %/K.  The  TCR  value  was  then  dropped  around  -2.6 
%/K  and  stayed  relatively  constant,  while  the  resistivity  was  increased  from  as  low  as  1.1  kQ-cm  to  9.5 
kQ-cm.  The  corresponding  Ea  changed  its  value  in  between  0.18298  eV  to  0.32725  eV  (See  Figure  7i,  and 
7j).  (5)  Similar  behavior  was  observed  at  higher  fixed  Si  concentration  of  8%  -  8.97%.  As  the  02 
concentration  was  increased  to  7.95%,  TCR  was  increased  to  -4.04  %/K  and  then  dropped  to  -3.6  %/K 
and  stabilized.  On  the  other  hand  the  resistivity  was  always  on  an  increasing  trend  as  the  02  concentration 
increased  (See  Figure  7k,  71).  (6)  the  high  oxygen  value  follow  similar  trend  (see  Figure  6m-6v).  The 
results  indicates  that  an  02  concentration  around  6%  to  8%  is  needed  to  achieve  highest  TCR,  and 
relatively  low  resistivity  value.  Below  this  value,  the  TCR  was  always  lower.  Above  this  value,  the  TCR 
tend  to  drop  and  stabilizes  at  lower  value,  and  the  resistivity  tend  to  increase  to  a  higher  value.  It  is  also 
important  to  note  that  there  are  several  point  where  the  TCR  was  high  while  the  corresponding  resistivity 
was  low.  Further  study  needs  to  be  conducted  at  higher  Oxygen  concentration. 


X-Ray  Diffraction  (XRD)  measurements 
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The  crystalline  structures  of  SixGeyOi.x.y  thin  films  were  identified  using  X-Ray  diffraction  (XRD).  A 
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diffractometer  (Rigaku  -  Ultima  IV  XRD  system)  is  used  for  this  purpose  varying  26  from  0°  to  60°.  The 
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first  set  of  measurements  were  performed  for  films  with  a  fixed  O2  concentration  while  Si  was  varied 
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from  1%  to  20%.  Figure  8(a), (b)  shows  the  XRD  for  fixed  O2  of  4%  and  8%.  We  have  not  observed  any 
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sharp  peak  in  the  spectrum,  suggesting  amoiphous  nature  of  all  films.  The  dominant  partial  diffraction 
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peak  of  (1 1 1)  (peak  01)  was  located  approximately  at  21° .  The  full  width  at  half  maximum  (FWHM)  for 
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this  peak  did  not  show  any  significant  broadening  or  narrowing.  At  a  fixed  O2  concentration  of  4.13%- 
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4.92%,  the  second  peak  shift  around  48°  (crystal  plane  (220),  referred  as  peak  02)  and  spectrum 
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broadening  with  respect  to  changes  in  Si  concentration  was  small  and  comparable  (See  Figure  9(a)).  This 
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has  resulted  in  a  lower  TCR  value  (around  -2.3  %/K)  that  has  small  changes  as  a  function  of  Si 
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composition  (See  Figure  10(a)).  For  a  fixed  O2  concentration  of  8.39%-8.99%  and  at  higher  29  around 
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48°,  we  have  observed  a  peak  shift  and  broadening  in  the  spectrum  as  the  Si  concentration  increased  to  5- 


25 


6%,  and  then  they  decreased  and  stabilized  as  the  Si  concentration  increased  further  (See  Figure  9(a)). 


26 


The  peak  shift  and  peak  broadening  were  plotted  as  a  function  of  TCR  and  resistivity  in  Figure  10.  The 
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figure  shows  that  as  the  FWHM  increased,  the  TCR  value  was  decreased.  This  can  be  related  to  the 
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increase  of  TCR  as  the  Si  concentration  increased  up  to  a  certain  value  (e.g.,  6%),  and  then  decreased  and 
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stabilized  as  the  Si  concentration  increased  further.  The  maximum  achieved  TCR  was  -5.6  %/K  at  a 
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FWHM  of  5°  for  the  peak  02  (Figure  10(d)).  The  TCR  was  stabilized  around  -3.8  %/K  at  FWF1M  above 
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8°  (Figure  10(d)).  The  figure  also  shows  that  as  the  peak  shift  increased  to  48°  the  TCR  reached  a 
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Figure  8:  X-ray  diffraction  of  SixGeyOi_x_y  films  for  fixed  02  a)  4%.  b)  8%..  fixed  Si  c)  4%.  d)  5%. 
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Figure  9:  XRD  Peak  shift  and  fwhm  vs  element  concentration  for  a)  fixed  02  (4%.  8%)  b)  fixed  Si 

(4%,  5%) 


minimum  value  of  -3.5%/K  and  then  starts  to  increase  again  to  a  value  above  -5  %/K  at  48.8°  (Figure 
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fwhm  at  (111)  (degree)  fwhm  at  (220)  (degree) 

Figure  10:  Resistivity  and  TCR  vs  Peak  shift  of  films  for  fixed  O2  (a)  peak  at  (1 1 1)  (c)  peak  at 
(200);  Resisthity  and  TCR  vs  fwhm  of  films  for  fixed  O2  (a)  peak  at  (1 1 1)  (c)  peak  at  (200) 

10(c)).  This  behavior  agrees  with  the  TCR  plots  as  a  function  of  Si  composition  for  fixed  O?  contents  in 
Figure  6.  The  first  peak  shift  and  FWTIM  was  also  plotted  as  a  function  of  TCR  in  Figure  10  (a),  (b).  The 
figure  shows  that  as  the  peak  shift  to  a  higher  value  the  TCR  decreases.  At  26.5°.  the  TCR  was  decreased 
to  -3.5  %/K.  As  the  peak  shift  increases  further,  the  TCR  value  was  increased  again.  The  FWHM  shows 


fwhm  at  (111)  (degree)  fwhm  at  (220)  (degree) 

Figure  11:  Resistivity  and  TCR  vs  Peak  shift  of  films  for  fixed  Si  (a)  peak  at  (11 1)  (c)  peak  at 
(200);  Resistivity  and  TCR  vs  fwhm  of  films  for  fixed  Si  (a)  peak  at  (1 1 1)  (c)  peak  at  (200) 
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broadening  and  then  stabilizing.  The  last  data  did  not  follow  the  trend  and  it  is  an  exception.  The  results 
of  the  first  peak  shift  and  FWHM  was  also  plotted  as  a  function  of  TCR,  the  results  shows  similar 
behavior,  as  the  peak  shift  to  a  higher  value  the  TCR  decreases.  At  26.5°,  the  TCR  was  decreased  to  -3.5 
%/K.  As  the  peak  shift  increases,  the  TCR  value  was  increased  again.  The  FWHM  shows  broadening  and 
then  stabilized.  The  last  data  point  was  an  exception. 


We  have  also  plotted  the  XRD  for  fixed  Si  concentration  of  4%  and  5%  while  the  CF  was  varied  between 
4%  to  9  %  (Figure  8(c), d)).  The  figure  demonstrates  that  the  FWHM  of  the  second  peak  was  initially 
decreased  as  the  02  conentration  increased  to  7%  and  then  increased  gradually  and  stablized.  This  results 
is  in  ageement  with  the  data  presented  in  Figure  7  for  the  range  5%  -  9%.  We  have  also  plotted  the 
corresponding  the  peak  shift  and  FWHM  as  a  fucntion  of  TCR  and  resistivity  (see  Figure  1 1).  The  figure 
indicates  that  as  the  peak  shift  or  FWHM  increases,  the  TCR  changed  slightly  around  -3.8%/K  which  is  in 
agreement  with  the  results  in  Figure  7.  At  FWHM  of  15,  the  TCR  is  the  lowest.  We  do  not  have  enough 
data  at  higher  02  concentration  to  confirm  the  trend.  The  corresponding  data  for  these  measurements  are 
shown  in  Table  3  and  Table  4. 


Table  3.  TCR,  Resistivity  and  Activation  energy  of  samples  corresponding  to 
XRD  spectra  in  Figure  8  (a)  and  (b) 


Oxygen 

Concentration 

Film 

Composition 

Resistivity 

(xio3n- 

cm) 

TCR 

(Calculated) 

(%/K) 

Activation 
Energy  Ea 
(eV) 

Si0.033Ge0.9i8O0.049 

0.442 

-2.381 

0.1798 

Si0.039Ge0.9i6O0.045 

0.6124 

-2.197 

0.1659 

Si0.040Ge0.9i2O0.048 

1.0270 

-2.839 

0.2144 

O 

KJ 

II 

4^ 

ox 

si0.072Ge0.879o0.049 

1.4080 

-1.877 

0.1417 

Si0.073Ge0.878O0.048 

1.8870 

-2.424 

0.1830 

si0.080Ge0.873o0.048 

0.3089 

-1.972 

0.1489 

si0.165Ge0.793o0.041 

0.6332 

-2.041 

0.1584 

si0.039Ge0.875o0.086 

3.3975 

-5.463 

0.2080 

si0.043Ge0.869o0.088 

5.3517 

-3.715 

0.2810 

02=8% 

si0.045Ge0.871o0.084 

9.3136 

-3.850 

0.2910 

Sio.048Geo.8670o.085 

1.2360 

-3.557 

0.2690 

sio.125Geo.78500.090 

3.4778 

-4.848 

0.3660 

Raman  spectroscopy 

Raman  scattering  spectra  of  Si-Ge-0  for  fixed  oxygen  of  3  %,  4  %,  5%,  6  %,  7%,  8%,  9%  and  10%  with 
varying  silicon  content  were  measured  and  analyzed  for  Raman  shift  from  100  cm-1  to  600  cm  '.  The 
spectra  for  5%  and  7%  are  shown  in  Figure  12.  This  study  will  provide  us  with  a  better  understanding  of 
the  effects  of  varying  Si,  Ge,  and  O  compositions  on  the  bonding  between  Si-Ge,  and  Ge-Ge,  and  its 
effects  on  TCR  and  resistivity.  The  plots  of  all  samples  demonstrate  peaks  around  275  cm  1  (peak  1)  and 
400  cm  1  (peak  2)  which  correspond  to  Ge-Ge,  and  Ge-Si  bonding,  respectively.  The  Ge-Si  was  not 
noticeable  at  low  level  of  Si  atomic  %  but  as  the  Si  atomic  %  increases  the  Ge-Si  starts  to  appear.  The  Ge- 
Ge  bond  appears  to  be  strong  due  to  the  high  concentration  of  Ge  in  the  film. 
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The  Ge-Ge  bonding  peak  shift  and  Ge-Si  bonding  peak  shift  are  plotted  as  a  function  of  Si  concentration 
for  a  fixed  02  concentration  of  4%.  5%.  6%  and  8%  in  Figure  13.  The  results  demonstrate  that  for  a  fixed 
02  of  4%  and  for  low  Si  concentration  below  10%  the  Ge-Si  bonding  peak  shift  and  the  Ge-Ge  bond  shift 
are  relatively  small,  which  can  be  related  to  the  relatively  stable  value  of  resistivity  and  TCR  at  this 
concentration  range.  As  the  Si  increased  further,  the  resistivity  increased  due  to  the  increase  of  Si  in  the 
film,  and  the  TCR  was  relatively  stayed  stable  due  to  the  small  Ge-Ge  peak  shift.  For  a  fixed  02  of  8% 
and  for  low  Si  concentration  below  10%,  the  Ge-Ge  bonding  peak  shifts  increased  which  explains  the 
increase  in  TCR.  On  the  other  hand,  the  Ge-Si  slightly  changed  which  also  explain  the  small  change  in 
resistivity  in  the  same  range.  As  the  Si  concentration  increased  further.  Ge-Si  peak  shift  to  a  higher  value 
explaining  the  large  increase  in  resistivity,  the  Ge-Ge  peak  shift  has  increased  slightly  which  explains  the 
relatively  stable  TCR  as  the  Si  concentration  increased. 


It  is  evident  in  Figure  13  that  with  the  increase  of  Si  concentration  Ge-Si  bonding  peaks  shifts  more 
towards  Si-Si  bonding  around  521  cm-1  irrespective  of  02  concentration.  Similar  pattern  peak  movement 
was  observed  for  Ge-Ge  peak  as  Si  concentration  increase  for  low  02  of  4%.  But  as  the  02  concentration 
increase  this  peak  shift  changes  its  direction  for  increasing  Si  concentration. 


Raman  Shift  (cm'1)  Raman  Shift  (cm1) 

Figure  12:  Raman  spectra  of  SixGeYOi_x.y  films  with  oxygen  content  of  (a)  5%.  (b)  7% 
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Ge-Ge  Peak  Shift  (cm  ’)  &  Ge-Ge  Peak  Shift  (cm1) 


Table  4.  TCR.  Resistivity  and  Activation  energy  of  samples  corresponding  to 
XRD  spectra  in  Figure  8  (c)  and  (d) 


Silicon 

Concentration 

Film 

Composition 

Resistivity 

(xl03n-cm) 

TCR 

(Calculated) 

(%/K) 

Activation 
Energy  Ea 
(eV) 

Si0.04iGe0.902O0.057 

1.170 

-2.590 

0.1956 

Sio.048Geo89oOo.062 

0.973 

-3.596 

0.2716 

si0.049Ge0.885o0.066 

1.259 

-3.285 

0.2480 

Si  =  4% 

Sio.04lGeo.89lOo.068 

0.556 

-3.468 

0.2636 

Si0.046Ge0883O0.07i 

0.691 

-3.787 

0.2859 

Sio045Geo.87lOo.084 

0.931 

-3.850 

0.2910 

Si0.048Ge0867O0.085 

1.236 

-3.557 

0.2690 

Sio  043Geo.8690o  088 

0.535 

-3.715 

0.2810 

Sio.05lGeo.8940o055 

0.627 

-3.121 

0.2360 

Si  =5% 

Sio.056Geo8820o.062 

1.829 

-3.792 

0.2863 

si0.054Ge0.877o0.069 

0.629 

-3.516 

0.2650 

si0.053Ge0.875o0.072 

0.763 

-3.518 

0.2656 
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Figure  13:  Peak  shift  of  Ge-Ge  bonding  and  Ge-Si  bonding  as  a  function  of  Si  concentration  for  fixed  02  of 

(a)  4%.  (b)  5%.  (c)  6%  and  (d)  8% 
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Ge-Si  Peak  Shift  (cm1)  Ge-Si  Peak  Shift  (cm1) 


Fourier  transform  infrared  spectroscopy  (FTIR) 


To  further  investigate  the  electrical  properties  of  the  films.  FTIR  spectra  were  recorded  using  Nicolet 
4700  FT-IR  spectrophotometer  between  400  cm-1  to  4000  cm-1.  The  lattice  phonon  contributions  of  Si 
wafer  background  were  subtracted.  In  this  experiment,  we  have  fixed  the  oxygen  and  varied  the  silicon 
concentration.  The  FTIR  spectra  are  shown  in  Figure  14.  A  major  Absorption  peak  corresponding  to  Si-O 


400  800  1200  1600 


Wavenumber  (cm1) 


Figure  14:  FTIR  spectra  for  oxygen  content  (a)  5%,  (b)  6%,  (c)  7%  and  (d)  8% 
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is  located  around  960  cm-1  for  all  samples  with  very  few  exceptions.  The  Ge-0  bonds  was  observed  at 
around  800  cm-1  for  samples  with  oxygen  concentration  higher  than  6%.  We  were  not  able  to  relate  the 
TCR  and  resistivity  behavior  of  Si-Ge-0  with  FTIR  spectra. 


Microbolometer  Design  and  Device  Fabrication 

The  microbolometer  is  designed  with  pixel  sizes  of  25^25  pm2  and  40x40  pm2  for  long  wavelength 
detection  based  on  Si0o4iGe0  86sO009i  composition  which  provides  relatively  high  TCR  and  low  resistivity 
values  of  -3.64  %/K  and  5.564  x  102  Q  cm.  respectively  (See  Figure  15).  It  consists  of  a  thin  Si3N4  bridge 
suspended  above  a  silicon  substrate  as  shown  in  Figure  15.  The  bridge  is  supported  by  two  narrow  aims 
of  Si3N4  and  NiCr  films.  The  arms  serve  as  support  structure,  conductive  legs  and  thermal  isolation  legs. 
Encapsulated  in  the  center  of  the  Si3N4  bridge  is  a  thin  layer  of  Si-Ge-O  IR  sensitive  material  and  thin 
titanium  (Ti)  absorber.  The  Si3N4  was  chosen  for  its  excellent  thermal  properties,  processing 
characteristics  and  high  infrared  absorption.  The  Si-Ge-O  IR  sensing  layer  was  fabricated  on  top  of 
polyimide  sacrificial  layer.  Subsequent  etching  of  the  sacrificial  layer  provides  the  ah  gap  that  thermally 
isolates  the  microbolometer.  A  Au  thin  film  was  fabricated  of  gold  (Au)  layer  under  the  polyimide 
sacrificial  layer  to  act  as  a  mirror  for  the  resonant  cavity  between  the  mirror  and  Si-Ge-O  thin  film  layer. 
This  optical  resonant  cavity  plays  an  important  role  in  the  absoiption  of  infrared  radiation  for  the 
suspended  microbolometer  since  it  is  wavelength  dependent.  With  the  appropriate  design,  the  resonant 
cavity  maximizes  the  IR  absoiption  and  hence  maximizes  the  responsivity  with  an  absoiption  peak  hi  the 
long  wavelength  band.  The  resonant  cavity  can  be  created  between  the  incoming  and  reflected  waves  if 
the  cavity  depth  is  timed  accordingly:  dn  =  [(2„  _  i)_  _  (Z),)]/i/4,  where  d„  is  the  depth  of  the  ah  gap.  n  is 

an  integer,  X  is  the  wavelength  and  <ph  and  (fh  are  the  phase  differences  between  the  incoming  and 


Figure  15:  Uncooled  microbolometer  design  with  airgap.  a)  Cross-sectional  view  having  polyimide 
sacrificial  layer,  b)  3-dimensional  view  after  releasing  of  polyimide. 


Figure  16:  Optical  images  of  the  microbolometer  with  a  pixel  area  of  25x25  pm2  and 
40x40  pm2  after  removing  the  polyimide  sacrificial  layer 
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reflected  light  [11l 
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The  microbolometer  was  fabricated  using  a  series  of  photolithography,  surface  micromachining  and 
polyimide  sacrificial  layers  in  the  following  sequence  of  steps  (Figure  18).  1)  The  wafer  was  thermally 
oxidized  for  insulation.  2)  A  thin  layer  of  chromium  (Cr)  and  a  thin  layer  of  gold  (Au)  were  sputtered 
deposited  with  a  thickness  of  30  run  and  140  run.  respectively,  and  patterned  to  form  the  reflective  minor 
under  the  microbolometer  pixel,  the  trace  line  and  bonding  pads.  3)  A  polyimide  (PI2610)  sacrificial  layer 
was  spin  coated  and  cured  to  achieve  a  thickness  of  2  pm.  and  patterned  to  create  a  mold  at  locations 


Figure  17:  SEM  micrographs  of  the  microbolometer  after  removing  the  polyimide 
sacrificial  layer  with  a  pixel  area  of  a-d)  40x40  pm2  ’  e.  f)  25x25  pm2. 
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corresponding  to  the  microbolometer  anchors.  Photoresist  was  patterned  used  as  a  mask  for  etching 
polyimide.  and  polyimide  was  etched  using  reactive  ion  etching  system.  4)  A  layer  of  Si3N4  (300  mu)  was 
sputter-deposited  and  patterned  as  a  bridge.  5)  The  Si-Ge-0  thermometer  layer  (300  mu)  was  sputter 
deposited  and  patterned.  6)  NiCr  layer  (100  mu)  was  deposited  and  patterned  to  form  the  supporting/ 
conductive  arms.  7)  A  second  layer  of  Si3N4  (50  lmi)  was  deposited  and  patterned  for  insulation  followed 
by  sputtering  of  a  tliin  Ti  absorber  (5  mil),  and  another  Si3N4  (50  11m)  for  passivation.  8)  The  top  two 


■  si,(;c,Ol  v,  |Ni('r  |  Si,!V,  I  j II  [  ] Cr  |  SiC),  H  Substrate 


Figure  18:  Microbolometer  fabrication  steps:  (a)  Top  view  of  pixels  of  two  designs  with 
different  supporting  arm  structure;  (b)  Cross  sectional  view  of  different  steps  of 
fabrication.  Optical  images  of  the  microbolometer  with  a  pixel  area  of  40x40  pm2  at  the 
end  of  different  steps  of  fabrication,  g)  Si-Ge-O  layer,  h)  Ni-Cr  layer,  i)  final  device  for  re¬ 
shaped  anchor;  j)  Si-Ge-O  layer,  k)  Ni-Cr  layer,  1)  final  device  for  I-shaped  anchor 
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S i 3N 4  layers  and  NiCr  absorber  were  patterned  using  lift  off  process.  15)  The  polyimide  sacrificial  layers 
are  removed  by  oxygen  plasma  ashing.  Optical  images  and  SEM  micrographs  are  shown  in  Figure  1 6  and 
Figure  17. 


Noise  measurement  setup  and  results 

The  microbolometers  were  fabricated  without  an  air  gap  for  the  purpose  of  studying  voltage  noise  (PSD) 
of  SixGeyOi_x_y  thin  films  encapsulated  with  Si3N4  layers.  The  elimination  of  the  air  gap  will  speed  up  the 
fabrication  processes  of  many  devices  with  various  elemental  compositions.  The  film  composition  and 
corresponding  electrical  characteristics  are  in  Table  5.  The  microbolometers  were  fabricated  with  a  pixel 
area  of  25x25  pm2  and  40x40  pm2  on  top  of  oxidized  silicon  substrates  using  surface  micromachining 
processes.  A  top  view  of  two  different  type  of  supporting  arm  structure  is  shown  in  Figure  18(a).  Cross- 
sectional  views  of  different  steps  of  the  fabrication  of  the  device  is  shown  in  Figure  18(b-f).  We  have 
used  RF  magnetron  sputtering  for  all  deposition  at  4  mTorr  with  a  base  pressure  of  below  10'7  Torr,  and 
lift-off  process  for  patterning  all  films.  The  microbolometers  were  fabricated  in  the  following  sequence: 
1)  the  wafers  were  thermally  oxidized  (0.6  pm)  for  insulation,  2)  two  layers  of  chromium  (Cr)  and  gold 
(Au)  with  thickness  of  50  nm,  and  100  nm,  respectively,  were  sputtering  deposited  (Figure  18(b)).  Cr 
serves  as  an  adhesion  layer  for  Au.  The  Au  layer  was  patterned  to  form  the  trace  line  and  bonding  pads.  A 
reflective  mirror  was  also  patterned  under  the  pixel  but  was  not  needed  for  this  study,  3)  A  Si3N4  layer 
with  a  thickness  of  100  nm  was  sputter  deposited  and  patterned  for  passivation  from  the  bottom  side 
(Figure  18(c)),  4)  The  Si-Ge-0  thermometer  layer  was  then  deposited  with  a  thickness  of  300  nm  and 
patterned  (Figure  18(d)),  5)  Nickel-chromium  layer  (Ni-Cr)  with  a  thickness  of  60  nm  was  deposited  and 
patterned  to  create  the  arms  and  electrode  contacts  to  the  sensitive  IR  material  (Figure  18(e)),  6)  a  second 
layer  of  Si3N4  with  a  thickness  of  100  nm  was  deposited  and  patterned  for  passivation  from  the  top  side 
(Figure  18(f)).  Optical  images  of  the  fabricated  devices  are  shown  in  Figure  Id. 

Experimental  Set  up  and  Details  of  the  Microbolometer  Voltage  Noise  PSD  Study 

The  noise  voltage  power  spectral  density  (PSD)  of  amoiphous  SixGeyOi.x.y  based  microbolometers  were 
optimized  and  reduced  by  annealing  the  devices  in  vacuum  at  the  temperature  of  200  °C,  250  °C  or  300 
°C  with  a  ramp  rate  of  10  °C/min  for  1  to  5  hours  of  annealing  duration.  The  noise  measurements  were 
performed  on  devices  without  air  gaps  with  various  Si-Ge-0  compositions.  Many  devices  from  four 
wafers  with  different  compositions  of  Si-Ge-0  were  measured  before  and  after  annealing  at  different  bias 
currents.  The  noise  measurements  were  performed  in  air  inside  a  cryostat  (DE  202  cold  head),  which  was 
placed  inside  a  shielding  room  in  order  to  isolate  the  microbolometer  from  any  external  sources  of  noise. 
The  output  voltage  was  fed  to  a  dynamic  signal  analyzer  (F1P  35670A)  which  measures  noise-per-unit 
bandwidth,  through  a  low  noise  preamplifier  (Signal  Recovery  Model  #5113).  The  preamplifier  gain  was 
set  to  1000  to  amplify  noise  voltage  PSD  from  the  device.  Each  device  was  voltage  biased  using  Ni-Cd 
battery  and  1  MO  metal  resistor  connected  in  series  with  the  device  (See  Figure  19(a)).  The  applied 
currents  were  ranged  between  0.08-0.7  pA.  The  noise  was  recorded  over  the  frequency  ranges  1-  25  kFlz. 
We  report  noise  study  between  1-800  Flz  with  0.5  Flz  bandwidth  for  4  devices  namely  W01,  W02,  W03, 
W04,  each  from  one  wafer  with  different  composition. 

Resistivity  and  TCR  as  a  function  of  temperature 

We  have  selected  four  SixGeyOi.x_y  compositions,  which  were  selected  from  over  340  deposited  and 
characterized  films  1401  for  noise  characterization.  The  film  compositions  and  electrical  properties  of  the 
fabricated  four  wafers  are  listed  in  Table  5.  The  TCR  and  the  corresponding  resistivity  of  devices  from 
the  four  wafers  were  plotted  as  a  function  of  temperature  as  shown  in  Figure  21.  These  figures  includes 
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Figure  19.  a)  Schematic  of  noise  measurement  setup,  b)  Shielding  room,  e)  Cryostat  inside 
inside  the  shielding  room,  d)  Dynamic  signal  analyzer  and  Preamplifier). 


four  films  with  a  relatively  high  TCR  along  with  low  resistivity  values  measured  at  room  temperature  of  - 
3.518  %/K.  and  763  Q-cm,  -2.590  %/K  and  1.170  kQ-cm.  -3.864  %/K  and  3.573  kQ-cm,  and  -3.103 
%/K.  and  730  Q-cm  using  Sio  o53Geo  875O0  072.  Sio  o4iGeo  902O0  057.  Sio  os  1  Geo  853O0  oee  and  Sio  0346^^0  899O0  067 
respectively.  The  TCR  denoted  by  "Measured",  was  plotted  from  the  measured  data  directly.  The  TCR 
denoted  by  “Calculated”,  was  determined  and  plotted  using  Eq.  2.  where  the  Ea  was  deduced  from  the 
slope  of  Arrhenius  plot.  It  is  noted  that  the  R-T  behavior  of  the  SixGeyOi_x.yfilms  m  the  device  were 
exponential  and  followed  the  relation  in  Eq.  2.  At  room  temperature,  wafer  02  showed  the  lowest  value  of 
TCR  wliile  the  other  three  wafers  have  almost  similar  values  of  TCR  at  room  temperature.  However,  the 
figure  shows  that  TCR  values  around  room  temperature  of  wafer  03  (Figure  21)  were  not  stable  with  large 
fluctuations  which  may  have  resulted  in  a  liigherl//-noise  value.  In  addition,  the  devices  did  not  work 
with  a  large  number  of  biasing  current  since  the  resistivity  is  very  high.  The  current-voltage  (I-V) 
characteristics  were  measured  before  and  after  annealing  the  fabricated  devices  (Figure  20).  It  was 
found  to  be  linear  and  the  devices  did  not  suffer  Joule  heating  effect.  The  linear  region  of  wafer  03  is  - 
300  nA  to  300  nA.  After  that  there  was  no  stable  current  voltage  relationship  for  this  wafer  because  wafer 
3  the  resistivity  was  veiy  high.  Wafer  01  is  linear  between  -760  11A  to  760  nA  that  is  the  maximum  linear 
region  than  any  other  device  and  completely  straight  fine. 


Table  5:  Filin  composition  and  electrical  properties  of  the  devices. 


Wafer 

Filin  Composition 

Resistivity' 
(xlO3  Q-cm) 

TCR  (%/K) 

Activation 
Euergv  E„  (eV) 

W01 

Sio  053Geo  875O0  072 

0.763 

-3.518 

0.2656 

W02 

Sio  041  Geo  902O0  057 

1.170 

-2.590 

0.1956 

W03 

Sio  08lGeo  853O0  066 

3.573 

-3.864 

0.2917 

W04 

Sio  034Ge0  899O0  067 

0.730 

-3.103 

0.2402 
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Noise  study  of  metal  resistor 

Each  device  was  voltage  biased  using  Ni-Cd  battery  and  1  Mf2  load  resistor  connected  in  series  with  the 
device.  The  applied  currents  ranged  between  0.08-0.6  pA.  We  have  selected  metal  resistor  because  they 
have  much  lower  l//-noise  than  that  of  carbon  resistors [72  73].  The  measured  1 //’-noise  of  11.5  kH.  51  kD. 
and  1  MQ  metal  resistors  are  shown  in  Figure  22.  Thel//-noise  comer  frequencies  were  6  Hz.  3  Hz  and 
2.5  Hz.  respectively.  The  figure  also  shows  how  increasing  the  resistance  increases  PSD  voltage  noise 
without  applying  any  biasing  current  or  voltage,  since  Johnson  noise  is  linearly  dependent  on  resistance 
and  excess  fluctuation  of  electrons  at  room  temperaUire. 

Noise  study  of  microbolometer  before  annealing 

We  have  measured  the  voltage  noise  PSD  of  the  fabricated  wafers  as  a  function  of  frequency  at  bias 
current  between  0.07  -  0.6  pA  before  and  after  annealing.  Figure  23  shows  the  noise  spectrum  of 
devices  from  wafer  W01  (namely  W01D21)  and  wafer  W04  (namely  W04D33)  before  annealing.  The 
figure  clearly  demonstrates  that  the  noise  increases  as  the  biasing  current  increases  in  all  devices.  The 
lowest  measured  noise  voltage  PSD  of  device  W01D21  and  W04D33  were  7.59*  10~15  V2/Hz,  and 
2.79*  10‘14  V2/Hz  at  25  Hz  and  160  Hz.  respectively.  The  corresponding  Hooge’s  parameters/.  /?  and  Kf 
were  1.19.  1.71.  3.65*10-14  and  1.58.  2.19.  2.74><10-13,  respectively.  The  Hooge’s  parameters  and  1  If 
noise  at  the  comer  frequency  for  the  four  wafers  are  shown  in  Table  6.  We  see  in  the  table  that  the 
average  value  of  /was  close  to  1.  ranged  between  0.91  -  1.26  for  wafer  W01  and  W02.  This  indicates  that 
the  1 //'-noise  is  dominant  at  low  frequencies.  But  for  the  wafer  W03  and  W04  we  found  the  y  is  close  to  2. 
indicating  the  presence  of  brown  noise  before  annealing.  Noise  may  have  come  from  different  pan  of  the 
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device,  and  from  several  sources  of  noise,  i.e.  surface  defects,  dangling  bond,  etc. [70].  The  presence  of  red 
noise  in  wafer  W03  and  W04  may  have  attributed  by  this  coupling  effect  of  more  than  one  source  of 
noise,  i.e.  surface  defects,  dangling  bond,  etc.  Later  we  will  show  that  annealing  the  devices  in  vacuum 
abridges  this  red  noise  effect,  reinstating  l//- noise  as  the  main  contributor.  The  value  of  Kf  for  different 
devices  from  two  Wafers  (W01  and  W04)  before  annealing  was  ranged  from  3.65 x  1 0‘14  to  6.02xlO'10. 
The  lower  values  of  this  range  demonstrates  that  some  film  compositions  have  a  relatively  lower  voltage 
noise  PSD.  The  results  shows  that  the  voltage  noise  PSD  of  the  four  wafers  were  different  before 
annealing,  with  the  lowest  is  observed  in  wafer  W01  and  the  highest  is  in  wafer  W04.  This  indicates  that 
the  noise  sources  in  the  microbolometer  are  due  to  the  presence  of  trapping  states,  detrapping  of  carriers, 
and  defects  in  SixGeyOi.x.y  sensing  layer.  In  this  work,  we  will  show  that  annealing  the  devices  in  vacuum 
will  reduce  the  voltage  noise  PSD  and  eliminate  the  brown  noise  effect,  and  thus  reinstating  l//noise  as 
the  main  contributor.  The  encapsulation  of  SixGeyOi_x.y  with  two  SplSL  passivation  layers  might  have 
played  a  dominant  role  in  minimizing  surface  state  effects  in  SixGeyOi_x_y  which  in  turn  reduced  1// noise 
[73l  This  might  have  diminished  the  electron-hole  recombination  rate  by  lowering  the  density  of  interface 
traps  and  decreasing  the  dangling  bond,  and  thus  reducing  the  1// noise  [74].  In  addition,  the  passivation 
layers  might  have  increased  the  mobility  of  the  surface  state  in  SixGeyOi_x.y  thin  films,  which  can  be  a 
result  of  dislocations,  and  chemical  residues  [75' 76].  This  will  also  lead  to  a  lower  1// noise.  In  addition,  we 
have  not  observed  any  sudden  increase  in  the  noise  level  across  the  frequency  spectrum  in  Figure  23. 
Thus,  our  devices  do  not  suffer  from  generation  -  recombination  (g-r)  noise. 


Noise  study  of  microbolometer  after  annealing 


Many  devices  from  the  same  four  wafers  were  annealed  at  200  °C,  250  °C  and  300  °C  from  1  to  5  hours. 
Figure  24  shows  the  measured  noise  voltage  PSD  for  6  devices  from  wafer  W04  and  W01  before  and 
after  annealing  at  200  °C,  250  °C,  and  300  °C  for  duration  from  1  hour  to  5  hours  using  a  bias  current  of 
0.07  pA.  The  corresponding  Hooge's  parameters  for  the  devices  from  same  two  wafers  are  presented 
in  Table  7  and  Table  8  respectively.  The  figure  shows  that  the  voltage  noise  PSD  of  the  devices  was 
decreased  as  the  annealing  time  increased.  For  example,  the  lowest  measured  noise  for  the  device 
(W04D33)  that  was  annealed  at  300  °C  was  1 .96*  1 0'14  V2/Hz  at  12  Hz  (before  .  After  4  hours  of 
annealing  was  2.79*  10’14  at  160  Hz).  The  comparison  between  the  noise  voltage  PSDs  at  the  new  comer 
frequency  (12  Hz)  with  the  corresponding  noise  level  before  annealing  at  the  same  frequency  indicates  a 
factor  of  40  decrease  in  noise.  After  4  hours  of  annealing,  the  voltage  noise  started  to  increase  again.  It  is 
noted  that  annealing  at  higher  temperature  300  °C  reduced  the  low  frequency  voltage  noise  PSD  more 
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Figure  22:  PSD  noise  comparison  with  different  metal  resistances: 
11.5  KO.  51  KO  and  1  MQ  without  biasing  current. 
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than  that  of  200  °C  and  250  °C  temperature.  The  average  value  of  y  was  close  to  1,  was  0.8  for  device 
W04D33,  after  4  hours  of  annealing  at  300  °C.  This  results  clearly  indicates  that  annealing  have  reduced 
the  effect  of  any  other  noise  sources,  making  the  1  If-  noise  as  the  main  contributing  source.  The 
corresponding  l//'-noise  coefficient  ( Kf )  of  device  W04D33  was  changed  from  2.74x10'°  to  1.84xl0'14 
after  4  hours  of  annealing  at  300  °C.  The  K/ value  started  to  increase  after  annealing  at  higher  time 
interval.  This  increase  is  attributed  to  the  reduction  in  l//: noise  and  the  increase  of  /?  with  increasing 
annealing  time  interval.  In  addition,  the  results  show  that  annealing  the  devices  has  reduced  the  voltage 
noise  PSD  significantly  on  one  wafer  (wafer  W04),  and  the  l//-noise  PSD  was  decreased  significantly  on 
devices  that  had  abnormally  high  l//:noise  before  annealing  (Figure  24c). 


Table  6:  Noise  parameters  of  the  devices  before  annealing  for  wafers  W01  to  W04. 


Wafer 

Device  No. 

r 

P 

Kf 

Noise  PSD  (V2/Hz)  at  corner  freq 

W01D21 

1.19 

1.71 

3.65xl0'14 

7.59xl0'°at  025  Hz  with  70  nA 

W01 

W01D22 

1.26 

2.24 

1.44xl0'12 

1.88xl0’14  at  080  Hz  with  70  nA 

W01D52 

0.93 

2.21 

3.46x10'° 

3.56xl0'14  at  030  Hz  with  80  nA 

W02 

W02D45 

0.91 

1.93 

3.01xl0'14 

1.89xl0'14  at  12  Hz  with  85  nA 

W03 

W03D46 

1.85 

2.00 

3.19xl0'16 

3.24xl0'14  at  70  Hz  with  80  nA 

W04D43 

1.78 

2.62 

3.33xl0'n 

4. 12x  10'14  at  200  Hz  with  80  nA 

W04 

W04D11 

2.00 

1.83 

6.02xlO'10 

5.58x10'°  at  200  Hz  with  80  nA 

W04D33 

1.58 

2.19 

2.74x10'° 

2.79xl0'14  at  160  Hz  with  90  nA 

Annealing  devices  from  wafer  01  have  reduced  the  noise  voltage  PSD  slightly.  The  lowest  measured 
noise  voltage  PSD  after  annealing  was  on  device  W01D52,  the  noise  and  comer  frequency  was  changed 
from  3.56xl0'14  V2/Hz  at  030  Hz  to  5xl0'14  V2/Hz  at  10  Hz  (Fig.  8f).  The  comparison  between  the 
voltage  noise  PSD  at  the  new  comer  frequency  (10  Hz)  with  the  corresponding  noise  level  before 
annealing  at  the  same  frequency  indicates  slight  reduction  in  noise  level.  The  corresponding  l//-noise 
coefficient  (Kj)  of  wafer  W01  was  changed  from  3.46x10°  to  1.44x10°  after  4  hours  of  annealing  at  300 
°C.  The  small  decrease  in  Kt  value  is  due  to  the  low  l//moise  before  annealing  the  devices.  However, 
annealing  at  lower  temperature  did  not  reduce  the  voltage  noise  at  all.  In  fact,  the  noise  was  increased 
significantly  with  increasing  annealing  time  interval.  It  is  important  to  note  that  annealing  did  help 
reducing  the  noise  in  devices  that  have  abnormally  high  voltage  noise  before  annealing.  In  this  case, 
annealing  helped  reducing  the  noise  but  it  stayed  within  the  range  of  wafer  W01  noise  level  before 
annealing  (Figure  24d). 


Table  7.  Variation  of  Hooge’s  parameters  in  different  devices  with  different  annealing  time  intervals  for 

wafer  W04. 


Annealing 

Duration 

(Hours) 

W04D43  (a)  200°  C 

W04D11  @  250°  C 

W04D33  (a)y  300°  C 

7 

P 

Kf 

y 

P 

Kf 

y 

P 

Kf 

0 

1.78 

2.62 

3.33x10'° 

2.00 

1.83 

6.02xlO'10 

1.58 

2.19 

2.74x10'° 

1 

1.87 

1.82 

2.30x10'° 

1.80 

6.33 

5.87xlO'08 

0.95 

1.43 

1.81x10'° 

2 

0.99 

2.04 

2.39x10"° 

0.82 

2.51 

2.42x10'° 

1.37 

3.50 

1.56xl0'14 

3 

1.22 

2.41 

4.16x10'° 

0.76 

1.55 

2.19xl0'16 

0.81 

2.56 

1.36xl0'14 

4 

2.07 

2.59 

9.55x1  O'09 

1.06 

3.92 

7.17x10'° 

0.80 

2.33 

1.84xl0'14 

5 

1.83 

0.20 

6.77x1  O'08 

1.18 

2.81 

4.43xl0'14 
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Figure  23:  PSD  noise  with  different  biasing  currents  for  before  annealing:  a)  W01D21;  b)  W04D33. 


Table  8:  Variation  of  Hooge’s  parameters  in  different  devices  with  different  annealing  time  intervals  for 

Wafer  WO  1. 


Annealing  W01D21  @  200  °C  W01D22  @  250  °C  W01D52  @  300  °C 

Duration  _ ~ _  _ _ _  _ _ _ 


(Hours) 

y 

P 

y 

P 

A> 

y 

P 

A> 

0 

1.19 

1.71 

3.65x10''* 

1.26 

2.24 

1.44x10"“ 

0.93 

2.21 

3.46xl0‘13 

1 

1.06 

2.68 

7.53x1  O'12 

1.60 

1.73 

8.49x10'" 

1.03 

2.00 

6.34xl0'13 

2 

1.13 

1.94 

9.74xl0'n 

1.00 

1.88 

2.23xl0'13 

1.01 

2.38 

5.00xl0'13 

3 

1.62 

2.00 

8.02x10'" 

1.02 

1.99 

3.90xl0'13 

0.92 

2.11 

3.26xl0'13 

4 

1.48 

1.70 

1.27x1  O'10 

0.95 

2.00 

2.02xl0'13 

0.86 

2.30 

1.44x1 0'13 

5 

1.58 

0.65 

8.90X10-09 

0.88 

3.82 

1.96xl0'14 

The  results  show  that  tliree  wafers  have  relatively  similar  noise  level  while  wafer  W04  has  the  highest 
voltage  noise  before  annealing.  As  the  annealing  time  interval  of  the  devices  increases,  the  electrical  noise 
level  was  reduced.  This  indicates  that  annealing  at  a  specific  time  interval  reduced  the  trapping  states  or 
defects  in  around  160  Hz  to  around  12  Hz  (W04D33)  and  to  10  Hz  in  (W01D52)  which  indicates  that 
Johnson  noise  can  be  obseived  below  12  Hz.  and  10  Hz.  respectively.  Below  12  Hz  or  10  Hz.  the 
frequency  is  dominated  by  1  If  noise.  The  other  two  wafers  behaved  similarly  but  with  different  noise  level 
and  different  comer  frequency. 

We  have  plotted  the  lowest  measured  voltage  noise  PSD  at  0.07  pA  of  the  four  wafers  before  and  after 
annealing  (Figure  25).  The  results  show  that  three  wafers  (W01.  W02.  and  W03)  have  relatively  similar 
noise  level  while  wafer  W04  has  the  highest  voltage  noise  before  annealing.  This  might  be  due  to  the 
higher  Ge  concentration  in  the  film. 


48 


Frequency  (Hz) 

Figure  25:  Comparison  with  low  PSD  noise:  a)  before  annealing  and  b)  after  annealing  from  four  wafers  W01- 

W04  at  biasing  current  of  80  nA. 


Another  potential  source  of  1  If  noise  is  the  bond  formation  of  SixGeyOi_x_y  sensing  layer  in  terms  of  Si-O 
and  Ge-O  bond  formation [44  45].  The  bonds  might  have  resulted  in  large  number  of  defects  in  the  film  and 
thus  contributed  to  the  presence  of  l//-noise.  The  bonding  of  Si  with  O  creates  paramagnetic  defects 
which  leads  to  impair  of  electron  with  a  silicon  dangling  bond [77].  Similarly.  Ge-0  and  Ge-Ge  bonding 
leads  to  dangling  bond  of  Ge.  The  XRD  study  of  the  four  wafers,  confirmed  the  presence  of  Dangling 
bonds  since  we  have  not  observed  any  shaip  peak  in  the  spectrum,  suggesting  amorphous  naUire  of  all 
films,  and  lack  of  long  range  order.  In  addition,  to  the  presence  of  dangling  bonds,  the  presence  of  deep 
traps  and  recombination  centers  in  Si-Ge  bond,  and  the  interface  between  NiCr  metal  and  SixGeyOi_x_y 
semiconductor  film  might  have  contributed  to  the  increase  in  1 //-noise  level[7S  791 .  The  metal 
semiconductor  interface  might  have  contributed  to  the  noise  level  due  to  the  cleanliness  of  the  contacts 
and  the  possible  formation  of  Schottky  junction [44].  After  4  hours  annealing  in  vacuum  at  low  pressure, 
we  have  observed  significant  reduction  in  noise  in  wafer  W04.  and  slight  reduction  in  the  wafer  W01. 


10  100 
Frequency  (Hz) 


10  100 
Frequency  (Hz) 


10  100 
Frequency  (Hz) 


Figure  24:  Noise  PSD  before  and  after  annealing  for  different  durations:  in  W04.  devices  a)  W04D43.  b) 
W04D1 1  and  c)  W04D33  annealed  at  200  °C,  250  °C  and  300  °C  respectively;  in  W01.  devices  d)  W01D21.  e) 
W01D22,  f)  W01D52  aimealed  at  200  °C.  250  °C  and  300  °C  respectively 
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This  indicates  that  annealing  in  vacuum  has  reduced  the  number  of  dangling  bond,  recombination  centers, 
and  impacted  the  metal-semiconductor  interface.  After  3-5  hours  of  annealing,  the  voltage  noise  PSD 
starts  to  increase  significantly.  This  might  be  due  to  the  increase  of  dangling  bonds,  low  field  mobility  |7fi 
and  the  oxide  traps  [80].  In  addition,  the  long  exposure  to  heat  during  annealing  might  have  increased  some 
source  of  \/f  noise  such  as  the  dislocations,  surface  and  bulk  phenomena [27' 37' 81’  82l 


It  is  known  that  camera  frame  rate  is  30  Hz  and  60  Hz.  So,  it  is  very  important  to  observe  the  low 
frequency  noise  at  lower  camera  frame.  Table  9  presents  the  noise  voltage  PSD  for  before  and  after 
annealing  at  30  Hz.  The  noise  voltage  PSD  was  the  highest  for  device  W03D46  from  wafer  03  before  and 
after  annealing  at  30  Hz.  The  device  W04D33  from  wafer  04  demonstrated  the  lowest  noise  after 
annealing  which  reduced  from  4.5x1 0'13  to  1.30x1  O'14  (V2/Hz).  However,  all  devices,  in  Table  6,  show 
declining  trend  after  annealing  devices  at  30  Hz. 


Table  9.  Comparison  with  Low  PSD  Noise  before  and  after  Annealing  at  30  Hz-  IR  Thermal  Camera 

Frame  Rate 


Wafer 

Noise  Voltage  PSD 
Before  Annealing 
(V2/Hz) 

Noise  Voltage  PSD 
After  Annealing 
(V2/Hz) 

W01D52 

3.89xl0'14 

2.59xl0'14 

W02D63 

4.77xl0'14 

2.33xl0'14 

W03D46 

8.1xl(T14 

3.42xl0'14 

W04D33 

4.5X1 0"13 

1.30xl0'14 
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